Introduction
Hypothyroidism results from autoimmune destruction or surgical removal of the thyroid gland. Hence, symptoms are due to insufficient levels of thyroid hormones, which affects tens of millions worldwide (1) . T4 is the main hormone secreted by the normal thyroid gland, but it needs to be converted to T3 in order to gain full biological activity (2, 3) . In healthy individuals, the thyroid gland contributes only a small fraction of daily T3 production (<20%); the bulk of T3 production happens outside the thyroid parenchyma via conversion from T4 by 2 deiodinases, D1 and D2. Thus, therapy consisting of daily tablets of levothyroxine (LT4) to treat hypothyroidism is commonsensical, having evolved to be the standard of care for this disease (1, 4) .
About 15% of LT4-treated hypothyroid patients remain symptomatic, with impaired cognition and reduced physical activity despite appropriate treatment (5) . The origin of these symptoms is not clear, with some speculating that LT4 therapy is not sufficient for all patients; thus, symptoms may be due to residual hypothyroidism. In fact, LT4-treated hypothyroid patients lack thyroidal T3 secretion; all T3 is produced in tissues other than the thyroid gland, mostly via D2. While it has been assumed that deiodinases restore T3 homeostasis in LT4-treated patients (6) , preclinical and clinical studies indicate that this pathway alone is not sufficient to fully restore daily T3 production during LT4 therapy (7) (8) (9) (10) .
Thyroidectomized rats on LT4 exhibit hypothyroidism in the liver, skeletal muscle, and brain, despite normal serum thyroid-stimulating hormone (TSH) levels (8) . Individuals on LT4 with normal serum TSH exhibit higher BMI and tend to experience greater use of beta blockers, statins, or antidepressant medication (9) and lower energy expenditure (11) ; they also exhibit difficulty in weight management, fatigue, or low energy levels and problems with mood and memory (12) . The brain, in particular, depends on T3 produced via the D2 pathway, which is located in glial cells. Indeed, most T3 bound to nuclear thyroid hormone receptors (TR) in the brain is produced locally via the D2 pathway (13) . This occurs via a paracrine-signaling mechanism in which glial cell-derived T3 activates neuronal gene expression (14) . Thus, adequate D2 functionality is critical in LT4 treatment for hypothyroid patients, producing most circulating T3 and also directly affecting intracellular T3 levels.
Levothyroxine (LT4) is a form of thyroid hormone used to treat hypothyroidism. In the brain, T4 is converted to the active form T3 by type 2 deiodinase (D2). Thus, it is intriguing that carriers of the Thr92Ala polymorphism in the D2 gene (DIO2) exhibit clinical improvement when liothyronine (LT3) is added to LT4 therapy. Here, we report that D2 is a cargo protein in ER Golgi intermediary compartment (ERGIC) vesicles, recycling between ER and Golgi. The Thr92-to-Ala substitution (Ala92-D2) caused ER stress and activated the unfolded protein response (UPR). Ala92-D2 accumulated in the trans-Golgi and generated less T3, which was restored by eliminating ER stress with the chemical chaperone 4-phenyl butyric acid (4-PBA). An Ala92-Dio2 polymorphism-carrying mouse exhibited UPR and hypothyroidism in distinct brain areas. The mouse refrained from physical activity, slept more, and required additional time to memorize objects. Enhancing T3 signaling in the brain with LT3 improved cognition, whereas restoring proteostasis with 4-PBA eliminated the Ala92-Dio2 phenotype. In contrast, primary hypothyroidism intensified the Ala92-Dio2 phenotype, with only partial response to LT4 therapy. Disruption of cellular proteostasis and reduced Ala92-D2 activity may explain the failure of LT4 therapy in carriers of Thr92Ala-DIO2.
Type 2 deiodinase polymorphism causes ER stress and hypothyroidism in the brain Sungro tor Atx-3 bind to and direct D2 to the proteasomes (32) . Here, we saw that both Thr92-D2 HY and Ala92-D2 HY pulldowns contained the p97 adaptor UBXD-1, known to bind ERGIC53 (33) (Figure 1 , M and N). Thus, both forms of D2 can be directed to the ERGIC via interaction with the p97/UBXD-1/ERGIC53 complex. The 18-residue loop in D2 (15) is also critical for interaction with p97/UBXD-1: its truncation (Δ18-D2 HY ) prevents ERGIC53 pulldown ( Figure 1O ) and reduces by 30% colocalization with GM130 ( Figure 1 , P-S).
Scanning the D2 sequence led us to 2 carboxyl target dibasic peptide ER-retrieval motifs, i.e., SKRUKKTR, where underlines indicate dibasic peptides (34, 35) . Indeed, truncation of this sequence (Δ10C-ThrD2 HY or Δ10C-AlaD2 HY ) increased colocalization with GM130 by approximately 50% (Figure 1 , S-Y). Together, these studies indicate that a bidirectional traffic of D2 between ER and Golgi exists, with both Thr92-D2
HY and Ala92-D2 HY recycling between ER and Golgi. These observations, however, do not explain why or how only Ala92-D2
HY accumulates in the trans-Golgi network.
ER stress pushes Ala92-D2
HY to the trans-Golgi. Ala92-D2
HY exhibits a longer half-life (19) , an indication that the Ala92-D2 slows D2 targeting to the proteasome and could lead to its detrimental accumulation in the ER. Indeed, we detected UPR in Ala92-D2 HY cells (Figure 2 , A-N). In these cells, there is mostly activation of the IRE1α and ATF6 pathways, which increase protein-folding ability via chaperones and degradation of misfolded proteins. There was an approximately 2-fold increase in IRE1α phosphorylation ( Figure 2, A and B) and an approximately 3-fold increase in spliced XBP1 (sXBP1) mRNA levels ( Figure 2C Figure 2N ).
In some settings, the Golgi quality control contributes to UPR by capturing misfolded proteins that emanate from the ER, diverting them for lysosomal degradation (36) . In fact, it is known that cleaved ATF6 induces ERGIC53 expression (37) and its redistribution so that it is closer to the cis-Golgi (38), both of which are features present in cells expressing Ala92-D2 HY . Here, we found a 2.2-fold increase in ERGIC53 protein levels ( Figure 2 , O and P) and a 50% increase in ERGIC53 mRNA levels ( Figure 2Q ). The images confirm an increase in ERGIC53 protein ( Figure 2 , R and S), revealing a 35% higher colocalization with GM130 ( Figure 2 , T-W) and indicating redistribution to cis-Golgi. Furthermore, colocalization between Ala92-D2 HY and GM130 was approximately 30% lower in ERGIC53 -/-cells ( Figure 3 , A-H), confirming that ERGIC53 is involved in the distribution of Ala92-D2
HY to the Golgi. The 18-residue loop in D2 mediates binding to the WD40 domain in WSB1, a D2 ubiquitin ligase (15, 16, 39) . Typically, WD40 domains exhibit low levels of sequence conservation, making them promiscuous binding partners (40) . Therefore, we tested to determine whether Ala92-D2
HY interacts with other ER WD40-containing proteins that could provide an additional exit route to the Golgi. The SREBP cleavage-activating protein (SCAP) D2 is a type I ER-resident protein, which enables D2-generated T3 to access and bind TRs (3). D2 is atypical among the deiodinases in that it displays a relatively short half-life as a result of ubiquitination and proteasomal degradation. This is caused by an exclusive 18-residue loop that mediates binding to 2 ubiquitin ligases (15) (16) (17) . This loop also harbors a Thr92-to-Ala substitution (Ala92-D2) caused by a SNP present in 12%-36% of the population (18) . Not surprisingly, the single amino acid substitution slows down the rate of D2 turnover; it is also associated with ectopic presence of D2 in the Golgi apparatus (19) . Clinically, carriers of the Thr92Ala-DIO2 polymorphism were found more likely to have hypertension, insulin resistance, type 2 diabetes, bipolar disorder, mental retardation, low IQ, susceptibility to lung injury, osteoarthritis, Alzheimer's disease (20) , and increased bone turnover, but perhaps unsurprisingly, these associations have not been reproduced in all population studies (6, 21) . It is intriguing, however, that carriers of the Thr92Ala polymorphism in the D2 gene (DIO2) exhibited symptomatic improvement when liothyronine (LT3) was added to LT4 therapy (22, 23) , suggesting that Thr92Ala-DIO2 carriers do not produce sufficient amounts of T3 via D2. Indeed, 2 studies suggest that Thr92Ala-D2 is less catalytically active (24, 25) , potentially explaining why only a small percentage of the LT4-treated hypothyroid patients exhibit residual symptoms.
Here, we studied the Thr92Ala polymorphism in cell and animal models, having found that D2 is a cargo protein in ER Golgi intermediary compartment (ERGIC) vesicles, recycling between ER and Golgi. Ala92-D2 causes ER stress and activates the unfolded protein response (UPR) in different brain areas. Our findings suggest that disruption of cellular proteostasis and reduced Ala92-D2 catalytic activity explain the failure of LT4 therapy in carriers of the Thr92Ala-DIO2 polymorphism; the data support a need for further studies with chemical chaperones and combination therapy with LT3 in humans.
Results
To understand how Thr92Ala-DIO2 affects D2, we studied HEK-293 cells stably expressing either form of D2 double tagged with His and yellow fluorescent protein (YFP) (19) . Thr92-D2
HY distributed predominantly to the ER with low-level colocalization with the cis-Golgi marker GM130 (Figure 1 , A-C) and the trans-Golgi marker p230 (Figure 1, D-F) . Whereas Ala92-D2 HY also exhibited low-level colocalization with the cis-Golgi marker (Figure 1 , G-I), it was clearly present in the trans-Golgi (Figure 1 , J-L).
A network of ERGIC vesicles exists that shuttles proteins back and forth between ER and cis-Golgi, namely the COPII and COPI vesicles (26, 27) . COPII vesicles recognize, concentrate, and export ER proteins to the Golgi (28) based on the presence of export signals, none of which can be found in D2. Other proteins are concentrated in COPII vesicles via specific transport adaptors (29) . To find out whether D2 traffics through this network, we analyzed pulldowns of both Thr92-D2 HY and Ala92-D2
HY
. While we failed to identify COPII proteins (data not shown), these pulldowns contained the transport adaptor ERGIC53 (30) along with p97 and UBXD-1. The ATP-driven chaperone p97 is involved in quality control and uses adaptors to process ubiquitinated proteins for recycling or degradation (31) . For example, p97 and the adap-jci.org
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carboxyl end) in cells depleted of cholesterol ( Figure 3I ) through a mechanism that required the WD40 domain in SCAP ( Figure 3J ). To find out how much the presence of Ala92-D2 HY in the trans-Golgi depends on ER stress and/or SCAP activation, we explored whether overnight incubation of Ala92-D2
HY cells with is a WD40-containing ER cholesterol sensor that transports SREBP1 from the ER, via ERGIC (41) , to the Golgi (42), a pathway that is activated by ER stress (43, 44 (Figure 3 , K-Q). At the same time, saturation with cholesterol reduced p230/Ala92-D2 HY colocalization by approximately 20% (Figure 3 , R-X). These data strengthen the argument that distribution of Ala92-D2
HY to the trans-Golgi is caused by ER stress and could involve the SCAP pathway.
Brain UPR in a mouse carrier of the Thr92Ala-Dio2 polymorphism. Five of the 6 critical amino acids in D2's 18-residue loop are conserved (17) in humans (92-TEGGDN-97) and mice (92-PES-GNN-97): 93-E, 95-G, and 97-N are the same, and 96-D/N is a conserved substitution. Because P occupies position 92 in murine D2, Thr92-Dio2 and Ala92-Dio2 mice were created using a CRIS-PR/Cas9 system on a B6 background. Ala92-Dio2 mice bred and grew normally (Supplemental Figure 1A) , exhibiting normal circulating levels of TSH, T4, and T3 (Supplemental Figure 1B) and D2 kinetics with a K m (T4) of approximately 1.9 nM (Supplemental Figure 1C) . No differences were observed in body weight and food intake (Supplemental Figure 1, A and D) . Systemic euthyroidism was further documented by absence of hypothyroid-like features in the Ala92-Dio2 skeleton (Supplemental Figure 1 , E-V). Discrete brain areas were studied using an unbiased whole-transcript microarray approach (Ala92-Dio2 homozygotes versus Thr92-Dio2 homozygotes; Supplemental Tables 2-11) . Midline 1 (Mid1), which encodes a microtubule-associated protein with E3 ubiquitin ligase activity involved in the Opitz syndrome (45) , was the only common gene differentially expressed in all 5 brain areas: 2.4-to 3.7-fold lower mRNA levels in the Ala92-Dio2 mouse brain (P < 0.001). Gene set enrichment analysis (GSEA) (P < 1%; Supplemental Tables 12-21) identified several gene sets related to ERGIC, Golgi, or the ubiquitin proteasome system in the amygdala (Supplemental Table 12 ), cerebellum (Supplemental Table 14 ), prefrontal cortex (Supplemental Table 18 ), and striatum (Supplemental Table 20 ), including the top 2 gene sets in the prefrontal cortex, which were ERGIC related (Supplemental Table  18 ). The more sensitive real-time quantitative PCR (RT-qPCR) indicated widespread elevation of Bip mRNA levels ( Table 1) . Other UPR-related genes were also activated in the cortex, particularly in the Atf6 pathway (Table 1) , and increased levels of cleaved ATF6 in sonicates of Ala92-Dio2 cortex ( Figure 4 , A and B); sXbp1 mRNA levels were also elevated by 40% in the cortex of Ala92-Dio2 mice (Table 1 ). The amygdala was particularly affected, with 51% elevation in Bip, 54% in Ergic53 and Pdi, and 59% in sXbp1 mRNA levels (Table 1) .
Slower rate of T4-to-T3 conversion in intact cells expressing Ala92-D2
HY and Thr92-D2
HY are indistinguishable in cell sonicates (25) . However, here, we saw that in intact cells, the ability of D2 to convert T4 to T3 was diminished by the Thr92Ala substitution ( Figure 4C ). Ala92-D2 HY cells incubated with 10 pM (physiological) or 50 pM free 125 I-T4 produced approximately 30% less T3 over 24 hours when compared with Thr92-D2 HY cells. At the same time, Ala92-D2 HY protein levels ( Figure 4D ) and activity ( Figure 4E ) in cell sonicates were indistinguishable from those of Thr92-D2 HY sonicates. These contrasting results could reflect limited availability or efficacy of the in vivo cofactor; when assayed in vitro, cells were broken and cofactor was abundant in the form of DTT. To determine whether Golgi distribution affects Ala92-D2 HY activity, we measured T3 production in intact Ala92-D2 HY cells that had been treated overnight with 4-PBA or cholesterol (as in Figure 3 , K and W). Treatment with 4-PBA increased the T3 production rate in Ala92-D2 HY cells to the level Figure 4F ). The effect of cholesterol saturation was less clear, as T3 production in cholesterol-treated Ala92-D2 HY cells remained below control levels ( Figure 4F ). There is localized hypothyroidism in the Ala92-Dio2 brain. To study T3-TR signaling in the different brain areas, 2 custom-made gene sets containing 33 T3-responsive genes were prepared for GSEA: (a) 19 positively regulated genes (Supplemental Table 22 ) and (b) 14 negatively regulated genes (Supplemental Table 23 ). There is evidence of reduced T3-TR signaling in the Ala92-Dio2 striatum (Supplemental Figure 2 ): positively T3-regulated genes were enriched in the Thr92-Dio2 brain, whereas negatively T3-regulated genes were enriched in the Ala92-Dio2 brain. These striatal differences were confirmed by measuring a positively and a negatively T3-regulated gene, i.e., Ier5 and Odf4 via RT-qPCR (Supplemental Table 24 ). In the Ala92-Dio2 amygdala and prefrontal cortex, only the positively T3-regulated genes were affected (Supplemental Figure 2) . In the hippocampus and cerebellum, differences between Thr92-Dio2 and Ala92-Dio2 animals were observed at the FDR q value level (0.15-0.24), but not at the much stricter P value level (Supplemental Figure 2) .
A component of the brain adaptation to hypothyroidism is a regional-specific increase in D2 activity via transcriptional and posttranscriptional mechanisms that mitigates the effects of hypothyroidism on the brain (46) . Indeed, the Ala92-Dio2 mouse exhibits a 1.6-to 2.0-fold increase in Dio2 mRNA and D2 activity in prefrontal cortex, hippocampus, and cerebellum, whereas in the striatum and amygdala -the 2 areas that exhibit decreased T3-TR signaling -such a response was not observed (Table 2) .
Ala92-Dio2 mice are sensitive to an anxiogenic environment. The open-field (OF) test was performed under low-intensity red light to minimize anxiety (Supplemental Figure 3 , A-F). Ambulatory activity was not different (Supplemental Figure 3 , B and C), but exploratory activity was higher in Ala92-Dio2 mice (Supplemental Figure 3 , D and E). Moving the animals to the elevated plus maze (EPM), a typical anxiogenic platform, resulted in Ala92-Dio2 mice exhibiting higher ambulatory/exploratory activities (Supplemental Figure 3 , G-L) and more risk-assessment behavior (Supplemental Figure 3M ) when compared with Thr92-Dio2 mice. The pattern of higher mobility in Ala92-Dio2 mice was maintained during the highly anxiogenic tail-suspension (TS) studies (Supplemental Figure 3, N and O) .
Once settled, Ala92-Dio2 mice refrain from physical activity and exhibit sleepiness and impaired memory. The hypersensitivity to the environment prompted us to study Ala92-Dio2 mice in their home cages, while they were housed in a comprehensive lab animal were repeated while animals had voluntary access to a spinning wheel for 3 days. Ala92-Dio2 mice used the wheel about half as much as Thr92-Dio2 mice (Tables 3 and 5) , with a reduced nightly VO 2 rate during the same time period (Tables 3 and 5 ). Despite the exercise stimulus, Ala92-Dio2 mice continued to travel approximately 15% less and slept 3.6 times longer compared with Thr92-Dio2 mice (Tables 3 and 5) . Cognition was tested through the novel object recognition (NOR) and the valence-based social interaction (SI) tests, which rely on exploratory behavior and assess memory and preference for novelty. In the NOR and SI tests, animals of both genotypes explored the objects/subjects similarly during the familiarization period (Supplemental Figures 4 and 5) , with Thr92-Dio2 mice passing the 3-hour recall by focusing preferentially on the new object ( Figure 5A ). In contrast, the Ala92-Dio2 mice failed the 3-hour recall test, dedicating similar amounts of time to old and new objects ( Figure 5A ). Later, both Ala92-Dio2 and Thr92-Dio2 mice did well on the second recall 24 hours later ( Figure 5B ). The SI test uses conspecific animals, and thus, memory formation is strengthened by emotionally salient experiences. While Thr92-Dio2 mice passed the 3-hour and 24-hour recalls ( Figure 6 , A and B), Ala92-Dio2 mice barely passed the 3-hour recall (statistically borderline; Figure 6A ), but did well on the 24-hour recall ( Figure 6B ).
Short-term treatment with LT3 partially rescues the Ala92-Dio2 mouse phenotype. In an attempt to increase T3-TR signaling and rescue the Ala92-Dio2 mouse phenotype, Thr92-Dio2 and Ala92-Dio2 mice were treated with LT3 (1 μg/d for 10 days); as expected, serum TSH became suppressed (Table 3) . LT3 dissipated differences in distance traveled and VO 2 rate, but Ala92-Dio2 mice monitoring system (CLAMS) and monitored 24 hours a day. Once settled in an environment of low anxiety, Ala92-Dio2 mice traveled approximately 30% shorter distances, exhibited an approximately 9% slower nightly oxygen consumption (VO 2 ) rate, and slept approximately 4.2 times longer when compared with Thr92-Dio2 mice (Tables 3 and 4) . This was not due to an impaired motor function, given that in separate experiments, mice ran on a treadmill for approximately 21 minutes and reached speeds of approximately 28 m/min, regardless of genotype. These measurements Thr92-Dio2 Ala92-Dio2 Thr92-Dio2 Ala92-Dio2 Thr92-Dio2 Ala92-Dio2 Thr92-Dio2 Ala92-Dio2 (Tables 3 and 4) . Exercise in the spinning wheels stimulated motor activity in all animals, but hypothyroid Ala92-Dio2 mice continued to travel shorter distances in the cage (~50% less) when compared with Thr92-Dio2 mice (Tables 3 and 5) . Notably, only in hypothyroid Thr92-Dio2 mice did exercise shorten the sleeping duration by half (Tables 3 and 5) . Likewise, Ala92-Dio2 mice used the spinning wheel about half as much as Thr92-Dio2 mice (Tables 3 and 5 ) and exhibited slightly slower nightly VO 2 rate (Tables 3 and 5) . Cognition was markedly affected by hypothyroidism, regardless of genotype. All hypothyroid animals failed the 3-hour and 24-hour recall on the NOR test ( Figure 5, G and H) . While all animals failed the 3-hour recall on the SI test, only Thr92-Dio2 mice managed to pass the 24-hour recall ( Figure 6 , G and H).
Chronic treatment with LT4 minimally improves memory in hypothyroid Ala92-Dio2 mice; full response with LT4+LT3. All hypothyroid animals were implanted with subcutaneous pellets to deliver stable amounts of LT4 or LT4+LT3 for an additional 6 weeks, which respectively normalized (Thr92-Dio2: 3.5 ± 0.45 versus Ala92-Dio2: 2.02 ± 0.69; n = 5-6) or suppressed serum TSH (Thr92-Dio2: 0.04 ± 0.002 versus Ala92-Dio2: 0.03 ± 0.001; n = 6). Treatment with LT4 eliminated the differences between Thr92-Dio2 and Ala92-Dio2 mice previously observed in home-cage assessment, including movement, sleeping time, and VO 2 rate (Supplemental Table 26 ). However, LT4 alone failed to fully restore performance in the memory tests. Thr92-Dio2 mice responded to LT4 by passing the NOR and SI 3-hour recall tests, but failed the 24-hour recall on both tests ( 
Discussion
Previous studies in which added N-or O-glycosylation sequences failed to direct Golgi-specific D2 glycosylation led to the conclusion that D2 is retained in the ER (17) . Here, we specifically studied the Golgi apparatus, having found that Thr92-D2 HY indeed resides in the ER, but also recycles between ER and cis-Golgi via ERGIC, keeping a minimal presence in the cis-Golgi (Figure 1, A-F) . In continued to sleep approximately 2 times longer when compared with Thr92-Dio2 mice (Tables 3 and 4 ). During the 3-day exercise period, Ala92-Dio2 mice traveled around the cage as much as Thr92-Dio2 mice, while exhibiting a similar VO 2 rate, but still slept approximately 2.1 times longer (Tables 3 and 4 ) and used the spinning wheel about half as much as the Thr92-Dio2 mice (Tables  3 and 5 ). LT3 improved performance of Ala92-Dio2 mice on the NOR ( Figure 5 , C and D) and SI tests ( Figure 6 , C and D), although LT3-treated Ala92-Dio2 mice continued to perform more poorly than Thr92-Dio2 mice in the 3-hour recall ( Figure 5C ). As before, no differences between genotypes were observed at the 24-hour recall ( Figure 5D ). Performance of both groups of LT3-treated animals was indistinguishable during the 3-hour and 24-hour recalls in the SI test ( Figure 6, C and D) .
Treatment with 4-PBA rescues the Ala92-Dio2 mouse phenotype. In order to evaluate how much of the Ala92-Dio2 mouse phenotype is due to ER stress and UPR activation, intact Thr92-Dio2 and Ala92-Dio2 mice were given 4-PBA (0.25 g/kg BW/d for 20 days) to restore proteostasis; 4-PBA normalized UPR markers in different brain areas (Supplemental Table 25 ). 4-PBA-treated Ala92-Dio2 animals traveled distances that were similar to those of Thr92-Dio2 mice and slept similarly (Tables 3 and 4) . VO 2 rate was also not different between groups (Tables 3 and 4) . Similarly, during the 3-day exercise period, Ala92-Dio2 mice traveled in the home cages as much as Thr92-Dio2 mice (Tables 3 and 5) . A dramatic effect of 4-PBA treatment was to dissipate differences in utilization of the spinning wheel and VO 2 rate between Ala92-Dio2 and Thr92-Dio2 mice (Tables 3  and 5 ). Treatment with 4-PBA also normalized performance of Ala92-Dio2 mice on the NOR ( Figure 5 , E and F) and SI tests ( Figure 6, E and F) .
Differences between Thr92-Dio2 and Ala92-Dio2 mice remain during hypothyroidism. After 5 to 6 weeks on methimazole (MMI), all animals developed overt hypothyroidism, with high serum TSH levels (Table  3) . Hypothyroid Ala92-Dio2 mice traveled approximately 20% less as compared with hypothyroid Thr92-Dio2 mice and maintained a 7.5%- 
Data points and statistical analyses are provided in Table 3 . ↔, no difference with Thr92-Dio2; ↓, diminished distance/VO 2 rate versus Thr92-Dio2; ↑, increased sleep time versus Thr92-Dio2. 
Data points and statistical analyses are provided in Table 3 . ↔, no difference with Thr92-Dio2; ↓, diminished distance/VO 2 rate/revolutions versus Thr92-Dio2; ↑, increased sleep time versus Thr92-Dio2; ND, no data recorded. jci.org Volume 129 Number 1 January 2019
The buildup of Ala92-D2 HY in the trans-Golgi likely results from binding to the p97/Ubdx1 protein complex that delivers Ala92-D2 HY to ERGIC53 (33) . Normally, Thr92-D2 HY is retrotranslocated to the cytoplasm via interaction with the p97/ataxin-3 complex, deubiquitinated, and delivered to the proteasomes (32) . However, the extended Ala92-D2 HY half-life indicates that this process is impaired (19) . Under ER stress, the 2-to 3-fold higher levels of ERGIC53 (Figure 2 HY with the cis-Golgi marker GM130 (Figure 3, A-H) . SCAP ( Figure 3 , I and J) might constitute an additional pathway, which is also activated by ER stress (43, 44) . However, the fact that cholesterol saturation reduced Ala92-D2 HY colocalization only slightly with the trans-Golgi marker p230 (Figure 3 , R-X) suggests that this is a secondary mechanism.
There is ample evidence that ER stress/UPR (49) and disruption of T3-TR signaling (50) can interfere with neuronal function and lead to impaired cognition. For example, mice with astrocyte-specific inactivation of Dio2 are systemically euthyroid, but exhibit anxiety-depressive-like behavior due to generalized hypothyroidism in the brain (51) . In addition, a transgenic mouse bearing a mutant TRβ1 is systemically euthyroid, but displays behavioral abnormalities, such as inattention, hyperactivity, and contrast, Ala92-D2 HY causes ER stress and can be easily visualized in the trans-Golgi (Figure 1, G-L) . This occurs as a result of protective mechanisms that restored cellular proteostasis and increased expression of ERGIC53 and activation of the SCAP pathway.
A slower enzyme reactivation could explain the ensuing ER stress in Ala92-D2 HY cells. Conformational changes in D2 during catalysis include formation of an intramolecular selenenylsulfide that requires cofactor-mediated resolution before the enzyme is ready for a new round of deiodination (47, 48) . That Ala92-D2 HY -expressing cells produce less T3 ( Figure 4C ) suggests that reactivation of Ala92-D2 is slower, given that Ala92-D2 exhibits similar K m (T4) (Supplemental Figure 1C) , and in Ala92-D2 HY cells, D2 protein ( Figure 4D ) and in vitro activity ( Figure 4E ) are preserved. Furthermore, an extended life of the oxidized selenenylsulfide linkage also explains the finding of the altered redox state in Ala92-D2 HY cells (19) . Therefore, Ala92-D2 is likely trapped in an altered molecular configuration (the selenenylsulfide) with slower catalytic activity, which in turn triggers ER stress and activates UPR to restore proteostasis. This is supported by the observation that the enhanced folding capacity in Ala92-D2 HY cells provided by 4-PBA ends ER stress/UPR (Supplemental Table 1 ), reduces Ala92-D2 HY in the trans-Golgi (Figure 3 , K-Q), accelerates D2-mediated T3 production ( Figure 4E) , and dissipates most of the Ala92-Dio2 pheno type in vivo (Tables 3-6 and Figure 5 ). specific questionnaires (53) . A phenotype has only been reported in connection with diagnosis and treatment for hypothyroidism (22, 23) . In contrast with the Ala92-Dio2 mice, carriers of the Thr92Ala-DIO2 polymorphism have the potential to correct defects through lifelong learning and training, a phenomenon seen in animals (54) and individuals with neurodevelopmental disorders (55) . However, it is conceivable that, once carriers of the Thr92Ala-DIO2 polymorphism become hypothyroid and are treated with LT4, these adaptive mechanisms are exhausted, bringing out a phenotype that is similar to the Ala92-Dio2 mice. For example, the approximately 10% lower serum T3 levels observed in adequately LT4-treated hypothyroid patients (7, 9, 56) could be the key element that tips the balance toward behavioral and cognitive dysfunction. Hypothyroid Thr92-Dio2 mice developed the expected behavior and cognitive and metabolic phenotype that brought them closer to the Ala92-Dio2 phenotype (Tables 3, 4 , and 5; Figure 5 , G-H, and Figure 6 , G-H). Notably, their responsiveness to chronic treatment with LT4 was variable. While the metabolic parameters responded similarly to LT4 regardless of the genotype, cognitive parameters were only partially improved ( Figure 5, I and J, and Figure 6 , I and J). Considering that hypothyroidism therapy is typically lifelong, further improvements with LT4 could have been observed with even longer observation times. Remarkably, treatimpulsivity, a phenotype that is dynamic and sensitive to environmental changes (52) ; this is reminiscent of our findings in the Thr92Ala-Dio2 mouse. That the Ala92-Dio2 brain exhibits hypothyroid areas was confirmed by the observation that short-term treatment with LT3 improved cognition (Table 6 and Figures 5  and 6) and physical activity (Tables 3, 4 , and 5) as compared with that in controls. However, treatment with LT3 caused systemic thyrotoxicosis, as evidenced by suppressed serum TSH ( Table 3 ), indicating that the clinical improvement with LT3 administration may carry side effects. The present studies, however, did not allow complete discrimination of how much of the Thr92Ala-Dio2 phenotype is due to localized brain ER stress/UPR, hypothyroidism, or both. In fact, in addition to restoring proteostasis, 4-PBA also restores Ala92-D2 HY -mediated T3 production and may normalize T3-TR signaling in vivo ( Figure 4F ). The fact that treatment with LT3 markedly improved cognition ( Figure 5 , C and D, and Figure  6 , C and D), whereas 4-PBA restored both motivation (Tables 3  and 4 ) and cognition ( Figure 5 , E and F, and Figure 6 , E and F), indicates that the Thr92Ala-Dio2 phenotype is multifactorial and includes more than one area of the brain, with both ER stress and decreased T3-TR signaling playing an important role.
Despite the obvious phenotype of the Ala92-Dio2 mice, carriers of the Thr92Ala-DIO2 polymorphism are reportedly asymptomatic when surveyed through quality of life or thyroid- ) and the appropriate HEK-293 control cell line were a gift from Jay Yang (University of Wisconsin-Madison, Madison, Wisconsin, USA) (62). Unless specified otherwise, all cells were cultured in high-glucose DMEM (Life Technologies) supplemented with 10% FBS (Atlanta Biologicals) and studied at 70%-80% confluency. Whenever cells were incubated with defined amounts of T4 or 125 IT-4, FBS in the medium was replaced with 0.1% BSA. As indicated, some cells were treated overnight with 100-500 μM PBA or 10 μg/ml cholesterol. Conversion of T4 to T3 was assessed by incubating cells plated on 6-well dishes (1 million cells/well) with 10 pM or 50 pM I 125 -T4 (300,000 cpm/well) and measuring 125 I, which reflects T4 to T3 conversion, in media at 16 and 40 hours, (63) .
FRET studies. Hydroxypropyl-β-cyclodextrin (HPβCD; SigmaAldrich) and cholesterol (Sigma-Aldrich) were dissolved in cell media at, respectively, 1.5% and 625 μM (64) . FRET was performed as described (65), using cells that were plated and transfected (X-tremeGENE HP, Roche) in 35 mm glass-bottom dishes (MatTek Co.). FRET measurement was performed on the second day after transfection using acceptor-photobleaching on a Nikon A1R laser-scanning confocal system in spectral detector mode equipped with a Tokai Hit stage top incubator and Supertech temperature controller. The following parameters were applied: 457 nm argon-laser for ECFP excitation and 464-500 nm range for detection; 514 nm argon lasers for EYFP excitation and 516-540 nm range for detection. Cells were treated with HPβCD-containing media 2 hours before imaging. Only cells that exhibited at least 80% bleach efficiency (decrease in EYFP intensity) were analyzed. Calculation of FRET efficiency was based on the increase of the cyan fluorescent protein (CFP) donor signal after photobleaching the YFP acceptor using the following equation: FRET = (ECFP(postbleach) -ECF-P(prebleach))/ECFP(postbleach). Data normalization was performed by expressing FRET activity as a percentage of that of the ECFP-EYFP (C-Y) tandem construct (66) . ECFP and EYFP (C and Y) monomers were used to determine background. The construct names reflect the relative position of fluorescent proteins within the fusion (e.g., D2T-EYFP indicates C-terminal YFP fusion to D2 carrying threonine in amino acid position 92). D2T-EYFP and D2A-EYFP were previously described (19, 39) . SCAP-ECFP was generated by PCR amplification of human SCAP coding sequences (CDS) using the following primers: forward, 5′-ATTGCTCGAGCCACCAT-GACCCTGACTGAAAGGC-3′; reverse, 5′-CGGGATCCCGGTC-CAGCTTCTCCAGCACAG-3′; fragment was inserted between XhoI-BamHI sites of pECPF-N1 (Clontech). ECFP-SCAP was generated using the following primers: forward, 5′-ATTGCTCGAGC-TATGACCCTGACTGAAAGGC-3′; reverse, 5′-CGGGATCCCGT-CAGTCCAGCTTCTCCAGC-3′; fragment was inserted between XhoI-BamHI sites of pECPF-C1 (Clontech). WD40 domain deletion was generated by exchanging the SCAP CDS in the previous constructs to WD40 domain-deleted fragments generated by PCR and using the following primers: SCAPΔWD-ECFP, forward, 5′-CGGGATCCCGCAGCTCCCCGCGCCTCCGCCG-3′; ECFP-SCAPΔWD, forward 5′-CGGGATCCCGGCTCAGCTCCCCGCG-CCTCCGCCG-3′. D2T and D2A were generated by PCR amplification of human D2 from D2T-EYFP and D2A-EYFP, respectively, using ment with LT4+LT3 normalized all memory scores in all animals ( Figure 5 , K and L, and Figure 6 , K and L) at the expense of suppressing serum TSH.
In depth studies of carriers of the Thr92Ala-DIO2 polymorphism suggest subtle changes in thyroid hormone homeostasis, compatible with a slower D2 velocity (57) . In addition, depending on race, carriers might be at a higher risk for brain degenerative disease, even as they keep a normal thyroid gland function (20) . We found that African Americans (AAs) with Thr92Ala-DIO2 had approximately 1.3 times higher odds of developing Alzheimer's disease or cognitive impairment not demented, whereas no association was seen in European Americans (EAs); microarray studies confirmed transcriptional patterns of Alzheimer's disease in the temporal pole of AA carriers of the Thr92Ala-DIO2 polymorphism (20) . AAs are known to have a 2-to 3-fold higher prevalence of cognitive impairment and Alzheimer's disease (58) , which could explain their greater susceptibility to the Thr92Ala-DIO2 polymorphism. In addition, the Thr92Ala-DIO2 polymorphism has been associated with increased BMI, insulin resistance (59), and greater risk for type 2 diabetes (18, 60) . This suggests that Ala92-DIO2-induced ER stress/localized hypothyroidism could play a broader metabolic role, particularly in tissues that express DIO2, such as human skeletal muscle and brown adipose tissue. Indeed, ER stress is known for reducing insulin receptor signaling, linking obesity, insulin signaling, and diabetes (61) .
We are hopeful that understanding these mechanisms will accelerate development of new therapeutic approaches for the millions of patients with hypothyroidism and provide justification for clinical studies to assess the utility of customization of thyroid hormone replacement therapy based on the patients' Thr92Ala-DIO2 status. Utilization of 4-PBA in symptomatic hypothyroid patients is an interesting possibility that should be further investigated. In the meantime, given that some of the Ala92-Dio2 phenotype is reversed by treatment with LT3, albeit at the expense of serum TSH suppression, it would seem logical to explore further the sensible use of LT3 when treating hypothyroid carriers of the Thr92Ala-DIO2 polymorphism. Of course, the challenge is to deliver T3 in ways that provide stable plasma levels while maintaining serum TSH within normal range and avoiding the risks of systemic thyrotoxicosis. 
Data points and statistical analyses are provided in Figures 5 and 6 . ↔, no difference with Thr92-Dio2; ↓, impaired cognition/memory versus Thr92-Dio2. jci.org Volume 129 Number 1 January 2019
Animals. Residue 92 in the murine Dio2 gene is a proline; thus, Applied Stemcell Inc. (Milpitas) was contracted for creation of Thr92-Dio2 and Ala92-Dio2 knockin mice, including generation of guide RNA and utilization of the CRISPR/Cas9 system on a C57BL/6 background (68, 69) . Two Thr92-Dio2 and 3 Ala92-Dio2 founders were obtained; the genotype PCR products (~532 bp) of all F1 and F2 mice were sequenced, and only those that differed from PP C57BL/6 by the desired SNP at position 92 were bred further. All other animals were euthanized. Founders were mosaic males and were crossed with C57BL/6 WT females (Pro92-D2). For genotyping, DNA was extracted with the AccuStart II Mouse Genotyping Kit (Quanta Biosciences) and processed through PCR with forward (TGACCATCCTTTATATTGCCTGAC) and reverse (CGGTGCTTCT-TAACCTCAAAAGA) primers. The PCR product was subjected to EcoNI restriction enzyme digestion. PCR and digestion products were resolved by electrophoresis: the Pro92 DNA was digested by EcoNI (~250 bp), whereas Thr92 and Ala92 were not (~532 bp). Heterozygotes (Thr92/ Pro92 or Ala92/Pro92) displayed 2 distinct bands. Identity of PCR products was confirmed by sequencing. Heterozygote F1s (Thr92/Pro92 and Ala92/Pro92) were crossbred with littermate F1s of identical genotype. Mice were bred and maintained as homozygous Thr92-Dio2 and Ala92-Dio2 colonies. F3 or greater progeny were used for experiments. Unless otherwise specified, male, 8-to 10-week-old animals were used throughout experiments. We are aware that hypothyroidism is more prevalent in females. However, here we focused on males because mood and cognition tests are affected by estrous cycles (70) (71) (72) . All animals were kept at room temperature (22°C) on a 12-hour dark/12-hour light cycle and maintained on a chow diet or low iodine diet, as indicated.
Studies in CLAMS. Twenty-four-hour food intake was measured at the indicated times using the Oxymax feed scale device (Columbus Instruments). VO 2 rate and locomotor activity were continuously monitored using the Oxymax system 5.35, CLAMS (Columbus Instruments). Locomotor activity was determined by X (front to back), Y (right to left), Z (rearing), and distance (ft). Animals were placed in the CLAMS with free access to food and water and allowed to acclimatize in individual metabolic cages for 48 hours. Subsequently, metabolic profiles were generated in successive 26-minute cycles over 48 hours with locked wheels and 36 hours with unlocked wheels (voluntary exercise). Sleep detection information was collected using the CLAMS-HC program. The application specifies a set of criteria based on animal activity and time that establishes a threshold below which the onset of a sleep event is triggered. Activity is sensed by the traditional IR beam method. Beam interruptions are scored as counts. The sleep detection parameters used were as follows: 4 epoch(s) × 60 seconds per epoch = 240 seconds, with an activity threshold = 0 counts. LT3 was given at 1 μg/d for 10 days. 4-PBA was given at 0.25 g/kg body weight/d for 20 days. Hypothyroidism was induced by adding MMI (0.05%) to the drinking water for 6 weeks. Some animals received a subcutaneous implant of an LT4 pellet (0.05 mg/pellet) or LT4+LT3 (0.025 mg/pellet T4 and 0.01 mg/pellet T3) that lasted 60 days.
Cognitive and behavioral testing. All animals were studied through standard mood and behavior tests, OF (73) , EPM (73) , and TS (73) . NOR assesses recognition memory by evaluating preference for objects based on their previous encounter with 2 identical objects or a new object. Results are expressed as a preference index (ratio of the amount of time spent exploring any one of the 2 objects over the total time spent exploring both objects × 100 [%]) (74) . SI is performed similarly to NOR, except that animals are used instead of objects (75) . the following primers: forward, 5′-GGAATTCATTATGGGCATCCT-CAGCGTAGACTTGCTGATCA-3′; reverse, 5′-ATAAGAATGCGG-CCGCTTAACCAGCTAATCTAGTTTTCTTACATCTCTTGCT-3′. The amplified fragments were then inserted into pCI-Neo between the EcoRI and NotI sites.
Immunofluorescence studies. Cells were plated on poly-d-lysinecoated chamber slides; fixation, imaging, and colocalization studies were described earlier (67) . After fixation in 4% paraformaldehyde (Electron Microscopy Science) for 20 minutes, cells were permeabilized with 0.3% Triton X-100 for 10 minutes and blocked with Fish Skin Gelatin (Biotium) for 1 hour. Primary antibodies were added at concentrations ranging from 0.5 to 5 μg/ml at 4°C overnight for 72 hours when necessary (p230 antibody). Primary antibody dilutions were as follows: 1 μg/ml αYFP (Rockland Immunochemicals, catalog 600-401-215); α-Golgi antibodies: 0.5 μg/ml α-GM130 (Cell Signaling, catalog 12480S) or 2 μg/ml p230 (BD Biosciences, catalog 611280). Secondary antibodies (Life Technologies) were incubated for 1 hour in the dark; cells were made into a slide using SlowFade Gold Mounting Medium (Life Technologies). Images were acquired using a Nikon Eclipse Ti microscope with a C1 confocal system using an APO ×60/1.40 oil objective, and 7 or more z-sections were captured by EZ-C1 software. The images were then analyzed by NIS-Element AR (Nikon Instruments) or ImageJ software (NIH).
Immunoprecipitation studies. Cells were harvested, suspended in PBS with cOmplete Mini EDTA-free Protease Inhibitor (Roche) at 4°C, and lysed with 1% Triton X-100 at 4°C for 30 minutes. After lysis, the pH of lysate was adjusted to 7.5. The crosslinker dithiobis(succinimidyl propionate) (Thermo Fisher Scientific, Pierce) in DMSO was added to a final concentration of 5 mM, and cell lysates were incubated on ice for 3 hours. After crosslinking, Tris buffer (pH 7.4) was added to the final concentration of 100 mM and incubated on ice for 30 minutes for quenching. Cell homogenates were centrifuged for 10 minutes at 800 g, and supernatant fractions, which contained cytoplasm and membrane proteins, were collected. The supernatant was used for D2 immunoprecipitation. Rabbit αYFP (1 μg) (Rockland Immunochemicals, catalog 600-401-215) or control rabbit IgG (Sigma-Aldrich) was added with 30 μl of protein A agarose and incubated at 4°C overnight. After washing with 1 ml of 1% Triton X-100 three times, the beads were treated with SDS-sample buffer for Western blot. D2
HY immunoprecipitation and Western blot were performed as described (32) . Western blot studies. Western blot analyses utilized 30 μg of total protein or immunoprecipitate pellets. Proteins were resolved on a 4%-12% SDS-PAGE gel and transferred to a PVDF membrane (Immobilon-FL, Millipore), incubated with indicated antibodies overnight at 4°C and subsequently quantitated with the LiCOR Odyssey instrument with Odyssey Image Studio software using 2 different infrared channels. The following antibodies were used at indicated dilutions: 1:1000, p-PERK (Cell Signaling, catalog 3179S); 1:500, p-EIF2α (Thermo Fisher Scientific, catalog MAS-15133); 1:500, ATF6 (Santa Cruz Biotechnology Inc., catalog 166659); 1:1000, p-IRE1α (Cell Signaling, catalog 3294S); 1:1000, ERGIC53 (Sigma-Aldrich, catalog AV46614); 1:1000, p97 (Cell Signaling, catalog 2648S); 1:500, Ubxd1 (Abcam, catalog SAB2107374); 1:1000 Bip (Abcam, catalog Ab21685); 1:2500 Dio2 (Abcam, catalog Ab87527); when appropriate, a 1:1000 dilution of α-actin (Santa Cruz Biotechnology Inc., catalog SC-8432) and 1:2500 α-cyclophilin B (Abcam, catalog Ab16045) were used as housekeeping internal controls.
for all curves, and the amplification efficiency ranged between 80% and 110%. Results were expressed as the ratio of test mRNA to housekeeping mRNA.
Statistics. All data were analyzed by Prism software (GraphPad). Unless otherwise indicated, data are presented as mean ± SEM (tables) or through box-and-whiskers plots (figures). Mann-Whitney U test was used when the experiment contained 2 independent groups. In other cases, the Kruskall-Wallis test was used followed by the Dunn's multiple comparison test. P < 0.05 was considered significant.
Study approval. The IACUC at Rush University Medical Center approved all experiments (16-077 and 15-033).
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Thyroid function tests, tissue samples, and D2 activity assay. Animals were euthanized by asphyxiation with CO 2 followed by cervical dislocation. Blood was collected and serum levels of TSH, T4, and T3 measured using a MILLIPLEX Rat Thyroid Hormone Panel Kit (Millipore), and the assay was read on a BioPlex (Bio-Rad). Whole brain was obtained and dissected for further analyses; pituitary gland and brown adipose tissue were also obtained. Bone samples, as indicated, were harvested from 16-week-old male mice, and phenotyping studies were performed as described (76, 77) . D2 activity was assessed in cerebral cortex sonicates from male Thr92-Dio2 and Ala92-Dio2 mice in the presence of 10 mM dithiotreitol, 0.25 M sucrose, and 1 nM 125 I-(5′) T4 (PerkinElmer); 1 mM propylthiouracil was added to inhibit potential D1 activity and 10 nM T3 to saturate D3 (63) .
Microarray studies. RNA of 5 different brain regions of Thr92-Dio2 and Ala92-Dio2 mice was extracted with the RNeasy Mini Kit (QIAGEN) and processed for microarray at the Joslin Diabetes Center Genomics Core Laboratory (Boston, Massachusetts, USA). Gene expression was determined using the Clariom S Mouse Array (Affymetrix). Data were preprocessed using the Affymetrix Expression Console. Differential expression analysis was performed with the Affymetrix Transcriptome Analysis Console to identify genes with more than 2-fold or less than 2-fold change and a nominal P value of less than 0.05. Gene ontology analysis was used to determine differences in gene set enrichment (GSEA, Broad Institute, Cambridge, Massachusetts, USA) with an FDR of less than 25%, a NES of more than 1.5, and a nominal P value of less than 0.01. All original microarray data were deposited in the NCBI's Gene Expression Omnibus database (GEO GSE119351).
RT-qPCR studies. Total RNA was extracted from cell lines or brain areas (hippocampus, cerebellum, amygdala, prefrontal cortex, and cerebral cortex) using the RNeasy Lipid Tissue Mini Kit (QIAGEN) and quantified with a NanoDrop. From 0.5 to 1.0 μg was used for cDNA synthesis using the Transcriptor First-Strand cDNA Synthesis Kit (Roche). RT-qPCR conditions were as described (25) . Primers were designed to span exon-exon and/or intron-spanning sequences or were previously validated (https://pga.mgh.harvard. edu/primerbank/). Sequences are listed elsewhere (Supplemental Table 27 ). Genes of interest were analyzed (StepOne; Applied Biosystems) using PerfeCTa SYBR Green FastMix, ROX (Quantabio). The melting curve was used to verify the specificity of the amplicon. Standard curves consisted of 4 to 5 points of serially diluted mixture of experimental and control group cDNA. Cyclophilin A (CycloA), cyclophilin B (CycloB), 18S rRNA, or β-actin was used as a housekeeping control. The coefficient of correlation was more than 0.99
